Emissions of acetaldehyde from tree leaves were investigated by proton-transfer-reaction mass spectrometry (PTR-MS), a technique that allows simultaneous monitoring of different leaf volatiles, and confirmed by derivatization and high-performance liquid chromatography analysis. Bursts of acetaldehyde were released by sycamore, aspen, cottonwood and maple leaves following light-dark transitions; isoprene emission served as a measure of chloroplastic processes. Acetaldehyde bursts were not accompanied by ethanol, but exposure of leaves to inhibitors of pyruvate transport or respiration, or anoxia, led to much larger releases of acetaldehyde, accompanied by ethanol under anoxic conditions. These same leaves have an oxidative pathway for ethanol present in the transpiration stream, resulting in acetaldehyde emissions that are inhibited in vivo by 4-methylpyrazole, an alcohol dehydrogenase (Adh) inhibitor. Labelling of leaf volatiles with 13 CO 2 suggested that the pools of cytosolic pyruvate, the proposed precursor of acetaldehyde bursts, were derived from both recent photosynthesis and cytosolic carbon sources. We hypothesize that releases of acetaldehyde during light-dark transitions result from a pyruvate overflow mechanism controlled by cytosolic pyruvate levels and pyruvate decarboxylase activity. These results suggest that leaves of woody plants contribute reactive acetaldehyde to the atmosphere under different conditions: (1) metabolic states that promote the accumulation of cytosolic pyruvate, triggering the pyruvate decarboxylase reaction; and (2) leaf ethanol oxidation resulting from ethanol transported from anoxic tissues.
INTRODUCTION
Recently, proton-transfer-reaction mass spectrometry (PTR-MS) has been used to measure the kinetics of release of volatile organic compounds (VOCs) from wounded, drying and senescing leaves (Fall et al . 1999 de Gouw et al . 2000) . In many of these experiments, because of the mass scanning capability of the PTR-MS instrument, significant releases of a positive ion at m/z 45 were observed, and were attributed to acetaldehyde. In some cases, as in drying or senescing leaves, acetaldehyde is one of the major VOC released, but its metabolic origin is uncertain. In addition, as presented in more detail below, with intact leaves transient releases of acetaldehyde were observed during lightdark transitions (Karl 2000) . Releases of this type have also been reported by Holzinger et al . (2000) with Mediterranean oak ( Quercus ilex ) leaves. Here, we have focused on the transient releases of acetaldehyde in tree species and their relation to other leaf VOC processes, with the goals of determining if such releases can be traced to known metabolic pathways in leaves, and if they can shed light on acetaldehyde releases from drying and senescing leaves.
Interest in biogenic acetaldehyde emission stems from its impacts on the oxidant balance of the troposphere (Singh et al . 2001) . For example, acetaldehyde has an atmospheric lifetime of about 1 d, and is converted to peroxyacetic nitric anhydride (PAN), resulting in long-range transport of reactive nitrogen equivalents to other regions where ozone formation may occur (Singh 1987) . Recent evidence suggests that on a global basis biogenic acetaldehyde contributes to the 'large, diffuse and hithertounknown sources of oxygenated organic compounds' seen in the atmosphere (Singh et al . 2001) . The releases of leaf acetaldehyde described here could be such a source.
There have been several reports of the release of acetaldehyde from tree leaves under various physiological conditions, including during normal photosynthesis and transpiration (Kesselmeier et al . 1997) , and after root flooding (Kreuzwieser, Scheerer & Rennenberg 1999 , Kreuzwieser et al . 2000 . On a biochemical level, the best understood of these processes is acetaldehyde release that results from the oxidation of ethanol arising in anoxic tissues (Beevers 1961) . As summarized by Harry & Kimmerer (1991) and by Kreuzwieser and colleagues (Kreuzwieser et al . 1999 (Kreuzwieser et al . , 2000 , ethanol formed in anoxic roots during flooding or in anoxic stems of woody plants can be transported to leaves by the transpiration stream, and then be oxidized by the action of alcohol dehydrogenase (Adh) and aldehyde dehydrogenase (Aldh) to yield acetate. This scheme has been confirmed by biochemical inhibitors in poplar leaves (Kreuzwieser et al . 2001) , and the release of acetaldehyde from leaves can be attributed to a small leak of this highly volatile intermediate (b.p. 21 ° C). Conditions that may limit oxidation of acetaldehyde to acetate could also contribute to its emission from leaves.
In related work, Kimmerer and coworkers (Kimmerer 1987; Kimmerer & MacDonald 1987) have shown that leaves of woody species have constitutive levels of pyruvate decarboxylase (Pdc) and alcohol dehydrogenase (Adh) that act to produce acetaldehyde and ethanol when leaves are incubated under nitrogen. It is puzzling to find a fermentative pathway in aerobic leaves, but this has been explained by an 'acidosis' model in which cytosolic pyruvic acid is converted to the pH neutral species, acetaldehyde and ethanol (see Harry & Kimmerer 1991) . This pathway would help to prevent acidification of the cytosol during periods when the glycolytic production of pyruvic acid exceeds its oxidation in mitochondria. As in the ethanol oxidation pathway, acetaldehyde is a volatile intermediate. A similar scheme for aerobic formation of acetaldehyde and ethanol in pollen has been proposed by Tadege, Dupuis & Kuhlemeier (1999) to function as a Pdh/Pdc 'stat.' The Pdh/Pdc stat involves the activation of Pdc, which acts as a homeostatic valve when cytosolic pyruvic acid levels rise, as for example when pyruvate dehydrogenase (Pdh) activity becomes limiting. An analogous pyruvate dehydrogenase bypass has been proposed to occur in yeast (Boubekeur et al . 1999) . Here, we combine these models and refer to them as a pyruvate overflow mechanism.
In this study we employed PTR-MS to explore the origin of acetaldehyde in excised tree leaves. PTR-MS technology is a versatile method that allows on-line monitoring of many types of leaf volatiles (Fall et al . 1999; Holzinger et al . 2000) . With on-line analysis it is possible to observe the kinetics of release of volatiles as the physical or chemical environment of leaves is manipulated. As shown here, we have been able to define physiological conditions that promote the release of acetaldehyde independent of the presence of ethanol in the transpiration stream, providing evidence for the operation of a pyruvate overflow mechanism in the leaves of woody plants.
MATERIALS AND METHODS

Plant material
Most of the leaves used in the present study were sampled from plants growing in the surroundings of the campuses of the University of Innsbruck and the University of Colorado (Boulder). In each case, small branches were cut and recut under water in the morning and transported to the laboratory for analysis. Leaves were either used immediately, or for experiments later in the day (Boulder); the branch was placed in a growth chamber at 25 ° C (PAR, 500 µ mol m 2 s − 1 ) until use. For some screening experiments, plants were obtained from a local nursery or grown from seed (clover and soybean). In some experiments, leaves from greenhouse-grown cottonwood trees ( Populus deltoides; S7c8 East Texas day neutral clone) were used. These trees (about 2 m in height) were grown in a greenhouse (Boulder, CO) exposed to direct sunlight, watered daily, and fertilized with a complete nutrient medium two to three times weekly.
Leaf cuvettes and leaf gas exchange measurements
For most experiments a leaf cuvette constructed from a Teflon cylinder was used (15 cm i.d., 5 cm height; approx. 884 mL volume); it was sealed at the top and bottom with glass plates and was continuously purged with humidified zero air ( < 10 ppmv CO 2 ) at a flow rate of 4·5 L min − 1 , which assured fast mixing and gas exchange rates. A fraction (about 150 sccm) of the exit gas stream was continuously introduced into the PTR-MS instrument through a 1/8 inch PFA Teflon line. Leaves were placed in the cuvette with the petiole passing out through a small hole and placed in water (or the solutions described in the text). Pure CO 2 (Airgas, Boulder, CO, USA) was mixed into the humidified air stream at a flow rate of 2 sccm in order to maintain a constant CO 2 partial pressure of ∼ 440 ppmv before entering the cuvette. In some experiments, the gas stream was switched to high purity nitrogen ( < 10 ppmv CO 2 ) with or without addition of CO 2 . The light source for the leaf was provided by a projector bulb, passed through a cool mirror to remove the infared heat (Harley, Guenther & Zimmerman 1996) ; photosynthetically active radiation (PAR) was measured with a LI-COR (Li-Cor Inc., Lincoln, NE, USA) PAR sensor.
In some experiments leaf gas exchange measurements (photosynthetic CO 2 assimilation and stomatal conductance) were made with a LI-COR LI-6400 photosynthesis system. In these experiments the PTR-MS instrument was interfaced to the LI-COR system through a 20 cm 1/8 inch PFA Teflon tube to the air exiting either the leaf cuvette or the CO 2 analyzer vent line. The LI-COR system was also used to measure CO 2 release (dark respiration) during light-dark transitions as described by Atkin, Evans & Siebke (1998) .
PTR-MS and confirmation of acetaldehyde formation by high-performance liquid chromatography analysis
The use of PTR-MS to measure biogenic volatiles has been described in detail elsewhere (Lindinger, Hansel & Jordan 1998; Fall et al . 1999) . VOCs are detected by their characteristic protonated parent ions or fragments, and the method can provide a sensitive on-line trace of a range of VOCs without the need for preconcentration or chromatography. When PTR-MS analysis suggests the presence of an unknown VOC, it is necessary to provide confirmation of compound identity by an independent means. To confirm that releases of a leaf VOC detected by PTR-MS at M45 + was acetaldehyde, the air exiting the leaf cuvette was divided between a continuous flow to the PTR-MS instrument and to a high-performance liquid chromatography (HPLC)-cartridge sampling line. The HPLC-cartridges employed 2,4-dinitrophenyl hydrazine (DNPH)-coated beads as developed by Skaggs (1998) , and were used for HPLC analysis as previously described (de Gouw et al . 2000) . In these experiments, approximately 1160-2320 cm 3 ( ∼ 15-30 min sample collection) of sample air from the cuvette were drawn through each cartridge by a vacuum pump (KNF Neuberger, Inc., Princeton, NJ, USA) as simultaneous measurements were made with the PTR-MS. The resulting hydrazones were then eluted from the sampling cartridge directly onto a C18 reversed-phase column (Econosphere C18, 5 µ m, 150 mm × 4·6 mm; Alltech, Deerfield, IL, USA) on a HPLC instrument (Waters, Milford, MA, USA). The hydrazones were resolved using isocratic elution (50% (v/v) acetonitrile in water) at 1 mL min − 1 , and detected using a UV detector at 360 nm. Under these conditions acetaldehyde was resolved from formaldehyde, acetone and propanal, eluting at approximately 8 min. An acetaldehyde gas standard was generated using an acetaldehyde permeation tube (VICI Metronics, Santa Clara, CA, USA), that was maintained at 30 ° C under a constant flow of high purity nitrogen (10 sccm). The acetaldehyde flux was established by weekly weighing, and this gas source was used to calibrate the HPLC response to acetaldehyde.
At lower acetaldehyde concentrations (20-50 ppbv) determinations by the two methods were within 30%; at higher concentrations (100-250 ppb) the agreement was only within 60%. The differences between both methods especially at higher concentrations mainly arise from different sampling strategies. The PTR-MS data were obtained instantaneously, whereas the HPLC data typically integrated concentrations over a longer period (15-30 min sample collection). In cases of high VOC emissions over short periods ( < 10 min) the HPLC method might therefore underestimate peak concentrations. In several analyses of both aspen and maple leaf volatiles under different conditions, the detection of M45
+ by PTR-MS was highly correlated with acetaldehyde measured by the DNPH method.
CO 2 labelling
In the 13 CO 2 labelling experiments, we used a glass/Teflon leaf cuvette set-up similar to that described above. The sampling volume was reduced to about 400 mL by minimizing the height of the cuvette. The total mixing time at a flow rate of 4·5 L min − 1 was measured by injecting a pulse of isoprene yielding a time constant of 0·31 s. When switching to 13 CO 2 , the 12 CO 2 tank was replaced by a low pressure cylinder (1·3 bar) containing 99% of 13 CO 2 (Aldrich, Milwaukee, WI, USA).
RESULTS AND DISCUSSION
Acetaldehyde release during light-dark transitions
In past studies, we observed bursts of acetaldehyde when leaves of isoprene-emitting plants (aspen, sycamore) were subjected to light-dark transitions (R. Monson and R. Fall, unpublished; Karl 2000) . Figure 1 shows typical results of this type for sycamore leaves ( Plantanus acerifolia ), where the light dependence of isoprene emission was under investigation using PTR-MS for VOC detection. When the leaf was rapidly darkened, isoprene emission (measured at M69 + ) declined rapidly to near zero with a corresponding, Figure 1 . Bursts of acetaldehyde are released from an isoprene-emitting sycamore leaf following each light-dark cycle. Leaf volatiles were measured in a leaf cuvette by PTR-MS as described in the Methods; leaf T = 28 ° C, PAR = 500 µ mol m 2 s − 1 , air flow (400 ppm CO 2 ). (Effective leaf area in cuvette = 9·7 cm 2 ). These results were replicated in several leaves. transient release of acetaldehyde that was measured at M45
+ . Notably, we could not detect any change in ethanol emissions (above a background level measured at M47 + ) in these types of experiments. These effects were repeatedly observed in each light-dark cycle on the same leaf with no detection of wound VOCs (which are typically detected at M57 + , M81 + , M99 + Fall et al . 1999 ). This suggests that the light-dark treatments caused no detectable damage to the leaf, and the acetaldehyde originated from normal metabolism . We surmised that these releases of acetaldehyde might arise from decarboxylation of pyruvate by the overflow mechanism discussed in the Introduction, rather than from ethanol oxidation (Kreuzwieser et al . 2001) , as the leaves were detached and thus not connected to a root or stem source of ethanol. However, we could not rule out the possibility that small amounts of ethanol might arise in the cut petiole of the leaf; it is known that detached leaves have the potential to form large amounts of ethanol and acetaldehyde, albeit under non-physiological conditions (Kimmerer & MacDonald 1987) . We devised the following experiments to test these potential sources of leaf acetaldehyde.
Acetaldehyde and ethanol release under anoxia
We surveyed the leaves of a variety of woody and nonwoody plants to verify that the former can emit acetaldehyde and ethanol under anoxic conditions (Kimmerer & MacDonald 1987) . Figure 2 illustrates an experiment of this type with a Norway maple ( Acer platanoides ) leaf, that was placed in a leaf cuvette under illuminated, aerobic conditions. Little or no acetaldehyde or ethanol was emitted.
After 60 min, the cuvette gas stream was rapidly changed to nitrogen containing 300 ppmv CO 2 . Only slight increases in the acetaldehyde and ethanol concentrations inside the cuvette were observed. At 110 min, the CO 2 partial pressure in the incoming nitrogen stream was reduced to < 10 ppmv resulting in a dramatic increase of acetaldehyde and ethanol, which rose to levels of about 30 and 75 ppbv, respectively, at the end of the experiment. These are substantial concentrations, considering that the flow rate of the 900 mL cuvette over a single leaf was 4·5 L min − 1 . These results, replicated in another maple leaf and two quaking aspen ( Populus tremuloides ) leaves, are consistent with the operation of a metabolic pathway from pyruvate to acetaldehyde to ethanol that can be controlled by the oxygen levels of the leaf. The lack of acetaldehyde and ethanol emission in illuminated leaves under a nitrogen/CO 2 atmosphere is consistent with continued photosynthetic production of oxygen which prevents anoxia in leaf cells. In additional screening of leaves from woody versus nonwoody plants, we observed that the following additional species emit acetaldehyde and ethanol under a nitrogen (low CO 2 ) atmosphere: European aspen ( Populus tremula ), beech ( Fagus sylvatica ), blackberry ( Rubus sp.), cottonwood ( P. deltoides ), and sycamore ( Plantanus acerifolia ). The following herbaceous species did not emit appreciable acetaldehyde or ethanol under these conditions: clover ( Trifolium repens ), hollyhock ( Althea rosea ), and soybean ( Glycine max ). These results confirm the past observations of Kimmerer & MacDonald (1987) .
Because natural leaves exist in air (about 21% oxygen), and produce oxygen by photosynthesis, the physiological relevance of these anoxia experiments might be ques- Figure 2 . Leaves of woody plants emit acetaldehyde and ethanol when exposed to anoxia. Here, maple leaf emission of acetaldehyde and ethanol were analysed in a leaf cuvette in the light (500 µ E) at room temperature using PTR-MS. Release of acetaldehyde and ethanol only occurred after the leaf was exposed to a gas stream that lacked oxygen and sufficient CO 2 to support photosynthetic oxygen formation. (Leaf area = 30 cm 2 ; dry weight = 157 mg). Similar results were obtained in a variety of leaves from woody plants as summarized in the text.
tioned. However, they do re-emphasize the enzymatic potential of woody plants to form acetaldehyde and ethanol because their leaves may contain constitutive levels of Pdc and Adh (Kimmerer 1987) ; the leaf Adh reaction might operate in a reductive direction rather than in its normal oxidative direction (Kreuzwieser et al . 2001 ).
Inhibitors of pyruvate metabolism
We next considered whether the pulses of acetaldehyde resulting from light-dark transitions are related to the response of leaves in woody plant canopies to light flecks (Pearcy 1990) , and are indicative of underlying enzymatic machinery which permits response to rapid increases in cytosolic pyruvic acid levels. If a cytosolic pyruvate decarboxylase, acting as a safety valve, is the source of transient acetaldehyde releases, it should be possible to enhance leaf acetaldehyde formation by either (a) using other inhibitors of mitochondrial respiration (i.e. in addition to anoxia), or (b) blocking the mitochondrial pyruvate transporter. To test these ideas, in exploratory experiments aspen leaves were treated with the respiratory inhibitor, sodium azide (NaN 3 ) (Raghavendra, Padmasree & Saradadevik 1994) , or α -cyano-4-hydroxycinnamate (CHC) a potent inhibitor of plant mitochondrial pyruvate tranporters in vitro (Laloi 1999) .
Sodium azide
Respiration is blocked effectively by sodium azide, which inhibits the cytochrome oxidase in plant mitochondria; however, azide ion is also known to inhibit photosynthetic electron transport (Raghavendra et al. 1994) . We encountered this lack of specificity when examining the effect of sodium azide on aspen leaf acetaldehyde production. When an aspen leaf (P. tremuloides) was fed 10 mM sodium azide through the petiole, mass scans by PTR-MS revealed complex effects on VOC release (Fig. 3) . First, isoprene emission was strongly inhibited, with parallel large increases in (a) acetaldehyde emission that persisted for several hours and (b) leaf wound compounds, such as (Z)-3-hexenal, that peaked in a few minutes. Smaller amounts of ethanol were also released after addition of azide. Similar complex patterns of leaf volatiles, including large increases (i.e. one to two orders of magnitude) in acetaldehyde, were seen after administration of sodium arsenite (1 mM) or 2,4-dinitrophenol (1 mM), inhibitors of Pdh and mitochondrial respiration, Figure 3 . The electron transport inhibitor, sodium azide, causes very large releases of acetaldehyde from an aspen leaf, and complex effects on leaf VOC emissions. An aspen leaf (P. tremuloides) was incubated in a leaf cuvette in air in the light (500 µE) at room temperature with the cut petiole immersed in water, and release of VOCs was monitored by PTR-MS. At the time indicated, the petiole solution was changed to 10 mM sodium azide, and VOC analysis was continued. (Leaf area = 24·9 cm 2 ; dry weight = 178 mg). These non-specific effects of sodium azide were replicated in a sycamore leaf.
respectively (Beevers 1961 ). These results demonstrate the non-specific effects of these inhibitors, and the observed effects are hard to interpret. These results do, however, demonstrate (a) a large increase in acetaldehyde emission that is consistent with the role of the Pdc in metabolizing excess pyruvate that results from inhibition of mitochondrial respiration, and (b) the value of PTR-MS technology for assessing simultaneous metabolic effects of an inhibitor on distinct VOC processes in different leaf compartments.
Effects of CHC
When CHC, an inhibitor of plant mitochondrial pyruvate transport (Laloi 1999 ) was fed to the transpiration stream of an aspen leaf (under normal air and light) there was a substantial increase in emitted acetaldehyde (Fig. 4) without noticeable effects on isoprene emission or photosynthesis rates; stomatal conductance was enhanced somewhat. There was no evidence for production of leaf wound VOCs, as in the case of azide treatment. The simplest interpretation of these results is that mitochondrial pyruvate uptake was inhibited, and cytosolic pyruvate accumulated, triggering the pyruvate overflow pathway. The lack of ethanol formation under these conditions is consistent with the oxygenic status of the leaf. CHC also enhanced acetaldehyde release from maple leaves, although it was noted that cutting the petiole released latex-like material, partially sealing the cut petiole; this slowed down the uptake of CHC through the petiole. As with aspen leaves, CHC-induced acetaldehyde release in maple leaves was not accompanied by ethanol release.
Can leaves also release acetaldehyde during ethanol oxidation?
From the work of Kreuzwieser et al. (1999 Kreuzwieser et al. ( , 2001 , it is clear that poplar leaves have the capability of oxidizing ethanol that is formed in the roots and transported to the leaves. During oxidation of ethanol to acetate a substantial fraction of the intermediate, acetaldehyde is released, presumably because it is so volatile and/or the Aldh reaction is limiting (see Introduction). We wanted to determine if the ethanol oxidation pathway could be responsible for the releases of leaf acetaldehyde seen above. This idea was addressed by the use of the metabolic inhibitor 4-meth- ylpyrazole (4-MP). 4-MP is a specific ADH inhibitor in animal systems (Sarkola & Eriksson 2001) , and has been used by Kreuzwieser et al. (2001) to demonstrate a role for Adh in ethanol oxidation by hybrid poplar leaves.
To determine if tree leaves (aspen and maple) are capable of ethanol oxidation, we fed 100 mM ethanol through the cut petioles as described by Kreuzwieser et al. (2001) , and followed ethanol and acetaldehyde release by PTR-MS. Figure 5 shows a typical experiment with an aspen leaf. A large release of ethanol was detected within a few minutes of ethanol administration, along with an even higher rate of release of acetaldehyde that indicates oxidation of ethanol by leaf Adh. When the solution bathing the cut petiole was changed to 100 mM ethanol with 20 mM 4-MP, as indicated on the figure, there was a subsequent inhibition of acetaldehyde emission within minutes, and continued increase in ethanol emission, confirming the results of Kreuzwieser et al. (2001) . It was of interest to note that the PTR-MS mass scan detected a compound at M83 + soon after adminstration of 4-MP (Fig. 5) . It is likely that M83 + represents protonated 4-MP (82 Da) in the leaf transpiration stream; this was verified by stable isotope analysis that predicts an empirical formula of C 4 N 2 H 6 from the abundance of M84
+ (approximately 5% of M83 + ). Very similar results were seen with maple leaves.
We also tested the effect of 4-MP on the release of acetaldehyde induced by anoxia. We reasoned that inhibition of Adh in the fermentative pathway would enhance acetaldehyde pools and thus its release from leaves; this would be opposite to the inhibitory effect of 4-MP on acetaldehyde release from ethanol oxidation. When aspen leaves were first fed 20 mM 4-MP in the light, and then subjected to a nitrogen environment (as in Fig. 2) , the acetaldehyde release was as large or larger than in the absence of 4-MP (data not shown). This result shows that the ethanol oxidation pathway, the source of acetaldehyde that is inhibitable by 4-MP, is distinct from the anoxia-induced pathway in the same leaves.
CO 2 labelling
In order to gain some insight into sources of cytosolic pyruvate − the presumed immediate precursor of the acetaldehyde bursts that we detected − we labelled cottonwood leaves with 13 CO 2 in the light, and used PTR-MS analysis of volatiles to assess the degree of acetaldehyde labelling. Because of its mass scanning capability, PTR-MS allows distinction of acetaldehyde with zero (M45 + ), one 13 C atom (M46 + ) and two 13 C atoms (M47 + ). Cottonwood leaves were used, as they were part of an investigation of the kinetics of 13 CO 2 labelling of isoprene (T. Karl et al. in preparation) , allowing a parallel assessment of the labelling of another leaf volatile also derived from pyruvate. Isoprene is formed in chloroplasts from pyruvate and glyceraldehyde-3-phosphate via the deoxyxylulose-5-phosphate pathway (Sharkey & Yeh 2001) . It is also known that simultaneous photosynthesis, cytosolic glycolysis and mitochondrial respiration in the light are interconnected, and pyruvate is produced from both chloroplastic and glycolytic precursors (Hoefnagel, Atkin & Wiskich 1998; Givan 1999) . The idea behind this experiment was to determine if 13 C-labelling of acetaldehyde released after a light-dark transition parallels the patterns assumed to occur in these different pyruvate sources. The results of an experiment of this type are shown in Fig. 6 . The labelling of the isoprene emitted from the cottonwood leaf provided a means to assess when full labelling of the chloroplastic glyceraldehyde-3-phosphate and pyruvate pools occurred, as indicated by the production of fully labelled isoprene (M74 + ). It can be seen that after steady state labelling of isoprene was achieved (about 100 min), approximately 78% of isoprene carbon was 13 C-labelled. As in previous experiments, little acetaldehyde was released under these conditions with an illuminated leaf. When the leaf was darkened, isoprene decreased rapidly to near zero, and a burst of labelled and unlabelled acetaldehyde could be detected at M45 + , M46 + and M47 + . Under these aerobic conditions the formation of 12 C-ethanol, which would also be detected at M47 + , was suppressed by the presence of oxygen as discussed above. It can be seen that about 40% of released acetaldehyde had no.
13 CO 2 label, and the balance had 1 or 2 13 C-carbon atoms. We interpret this to mean that the cytosolic pyruvate pool in contact with Pdc is not fully labelled under these conditions. [We assume that, as in yeast (Boubekeur et al. 1999) , the cytosol is the subcellular location of Pdc in these leaves, although this has not been established.] This could indicate that the cytosolic pool of glycolytic intermediates is large and tends to dilute labelled triose-phosphates released from the chloroplast, and/or that there is continued glycolytic flux from 12 Csugar pools in the light, also diluting pyruvate carbon. Notably, the detection of fully labelled acetaldehyde (M47 + ) is indicative of recently synthesized triosephosphates originating in the chloroplast. These results argue for two sources of cytosolic pyruvate in illuminated leaves of woody plants.
SUMMARY AND CONCLUSIONS
This work demonstrates that leaves of several woody species (aspen, cottonwood, maple and sycamore) release pulses of acetaldehyde when subjected to light-dark transitions, confirming the results of Holzinger et al. (2000) with oak leaves. We have attempted to determine if these acetaldehyde releases are a result of ethanol oxidation, known to occur in such leaves (Kreuzwieser et al. 2001) , or some other mechanism. Several lines of evidence tie these 13 CO 2 -labelling reveals two pools of acetaldehyde precursors in cottonwood leaves. A cottonwood leaf was exposed to 13 CO 2 in a leaf cuvette in the light as described in Methods, and labelling of isoprene was used to indicate steady state chloroplast metabolism. When labelling reached steady state, isoprene molecules with 5 13 C atoms (M74 + ) accounted for about 70% of emitted isoprene, and no acetaldehyde was detectable. At the time indicated the cuvette was darkened, and labelling of emitted acetaldehyde was monitored at M45 + (no 13 C), M46 + (one 13 C) and M47 + (two 13 C). (Leaf area = 97·9 cm 2 ; dry weight = 498 mg).
releases to pyruvate metabolism, and not to ethanol oxidation. First, these pulses were not accompanied by releases of ethanol. Second, the pulses were not inhibited by 4-MP, an inhibitor of leaf Adh, suggesting that they are derived from a carbon source other than ethanol. Third, the emission of acetaldehyde was enhanced under conditions of decreased mitochondrial pyrvuvate oxidation, either by inhibitors of pyruvate uptake or the mitochondrial electron transport chain. Fourth, 13 CO 2 labelling of leaves demonstrated that the acetaldehyde arose from a combination of recent photosynthetic carbon fixation and unlabelled carbon, consistent with multiple sources of its precursor. Cytosolic pyruvate, which we suggest is the likely precursor, is known to be derived from a combination of glycolytic carbon flow from sugar reserves and recently formed triose phosphates transported from chloroplasts to the cytosol (Givan 1999) .
When combined with the known presence of constitutive levels of Pdc in the leaves of these woody plants (Kimmerer 1987) , it is quite plausible that the acetaldehyde bursts arise as a result of Pdc activity. This model, which we term pyruvate overflow, is very similar to that described in anoxic roots, where Pdc activity serves as a safety valve to initiate conversion of excess pyruvic acid to non-acidic acetaldehyde and then ethanol, regenerating NAD + (reviewed in Morrell, Greenway & Davies 1990) . In aerobic leaves of woody plants, however, we propose that Pdc serves to channel excess pyruvate to acetate, as summarized in the following scheme for pyruvate overflow:
This pathway is analogous to that used by yeast cells to circumvent the accumulation of cytosolic pyruvate that accompanies decreased mitochondrial Pdh activity (Boubekeur et al. 1999) . It is of interest that leaves of woody plants, as shown by Kreuzwieser et al. (2001) and confirmed here, also contain a parallel pathway for oxidation of ethanol arising in roots:
In each case, acetaldehyde is a common intermediate, that is probably further oxidized to acetate by aldehyde dehydrogenase (Aldh) followed by acetate assimilation in mitochondria. The role of Aldh and acetate oxidation in the processing of cytosolic pyruvate carbon in tree leaves needs further investigation.
Verification of the pyruvate overflow model will also require measuring light-dependent changes in cytosolic pyruvate pools, distinct from mitochondrial and chloroplastic pyruvate pools, and establishing the presence and protective role of Pdc in leaf cytosol. (Morrell et al. 1990) . How can the pyruvate overflow model explain the transient nature of the acetaldehyde bursts? As shown here, these bursts last only a few minutes and then subside. The simplest interpretation is that the bursts represent excess pyruvate carbon that accumulates during light-dark transitions. Such transients appear to be closely related to the light-enhanced-dark-respiration (LEDR) phenomenon seen in leaves subjected to similar light-dark treatments (reviewed by Atkin et al. 2000) . The LEDR peaks several minutes after imposition of darkness and it is thought to reflect the respiration of an accumulated supply of nonphotorespiratory intermediates, such as pyruvate and malate, as a result of inhibition of mitochondrial Pdh by light in the case of pea leaves (Budde & Randall 1990) . We were able to use a gas exchange cuvette to demonstrate that cottonwood leaves exhibit such an LEDR, and show that it peaks within a minute or two after the acetaldehyde burst (data not shown). Thus, a likely biochemical explanation of the acetaldehyde burst is that: (i) immediately following leaf darkening, cytosolic pyruvate levels rise transiently due to decreased transport of pyruvate or pyruvate equivalents (i.e. PEP) into organelles; (ii) this reduced pyruvate utilization causes an increase in cytosolic pyruvate levels, reaching the threshold for Pdc activity, and acetaldehyde is formed; then (iii) leaf darkening causes reactivation or enhancement of pyruvate uptake, which immediately lowers the cytosolic pyruvate pool, rapidly reducing acetaldehyde formation.
If this model for the acetaldehyde burst is correct, it is possible that leaves in woody tree canopies, which are subject to light-flecks throughout the day, release small amounts of acetaldehyde with each transition from high light to low light. This remains to be established in field experiments, and the PTR-MS instrument used here might be useful for such measurements. These findings may also clarify why leaves of woody plants contain constitutive levels of Pdc and Adh (Kimmerer 1987) . The continual presence of Pdc supports its role as a safety valve to prevent excess pyruvate accumulation in the cytosol. The presence of Adh in these leaves is most likely related to the need to scavenge ethanol carbon as it is transported from anoxic tissues (Kreuzwieser et al. 2001) .
The main conclusion of this work is that leaves of many woody plants release acetaldehyde, a highly volatile metabolic intermediate, as a result of two distinct mechanisms: (1) pyruvate overflow and (2) ethanol oxidation. This has led us to the hypothesis that in forest canopies where both acetaldehyde and ethanol are released to the atmosphere, these emissions are indicative of anoxia in roots or stems. When only acetaldehyde is released, this may be indicative of operation of a metabolic safety valve for excess pyruvate. Future research will be aimed at testing these ideas, and in establishing if these mechanisms contribute to acetaldehyde release from drying and senescing vegetation (de Gouw et al. 2000; Karl et al. 2001) 
